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a b s t r a c t
In the present work a small-scale terrestrial ecosystem (STEM) containing a soil collected from an
agricultural ﬁeld in Central Portugal was used to evaluate the effects of the combination of the herbicide
glyphosate and the insecticide dimethoate. Earthworms (Eisenia andrei), isopods (Porcellionides pruinosus),
turnip seeds (Brassica rapa), and bait-lamina strips were placed in the STEM. The results showed that the
application of the recommended ﬁeld dose of both pesticides did not cause any effect on the weight
variation of earthworms and growth of the plants. The application of the herbicide, even at 5 and 10 times
the ﬁeld dose, increased feeding activity in soil (bait-lamina test), although the application of dimethoate
led to a decrease in feeding activity in all concentrations tested. The binary mixtures performed showed
that according to the Independent Action model, synergism (higher effect than expected from the single
exposures) was observed in both the shoot length and fresh weight of B. rapa at 5 times the ﬁeld dose, but
antagonism was observed at 10 times the ﬁeld dose. Regarding the germination success, synergism was
observed at the ﬁeld dose, but antagonism was detected at 5 times and 10 times the ﬁeld dose. There was a
decrease on the earthworm’s weight in all concentrations tested, although no statistical differences were
observed in any of the treatments made. Regarding depth distribution of E. andrei, wormswere found in the
upper layer more than it was predicted for all concentrations. In the mixtures with the ﬁeld and 5 times the
ﬁeld dose there was a decrease in the feeding activity (bait-lamina consumption) by the soil fauna. From
the four biomarkers assessed on the isopods (Catalase, Acetylcholinesterase, Glutathione-S-transferase, and
Lipid peroxidation), only a signiﬁcant decrease in the Acetylcholinesterase activity upon dimethoate and
the binary mixtures exposures performed with the ﬁeld dose was observed and on Lipid peroxidation at
the ﬁeld doses of single and binary exposures.
& 2011 Elsevier Inc. All rights reserved.
1. Introduction
Microcosms have been proposed as an optimal tool to evaluate
the effects of chemicals in both structural and functional endpoints
in soil ecosystems in order to achieve a greater realism in ecotox-
icological evaluation of chemicals to non-target organisms
(Edwards, 2002). The effects of several classes of pollutants have
been tested in microcosm design experiments, using various test
compartments and methodology in terms of numbers of species
introduced, time period of evaluation and soil type used as exposure
medium (Lukkari et al., 2006). The option for an integrated micro-
cosm experiment should try to establish a possible link between
what happens in single species exposure tests made in laboratory
conditions and the effects expected in ﬁeld conditions (Løkke and
Van Gestel, 1998).
The application of plant protection products (PPP) in agricul-
tural ﬁelds to control pests and achieve maximum harvest yield
can pose threats to non-target organisms present in soil ecosys-
tems (Giller et al., 1997). Since the majority of crops need more
than just one type of PPP application during its growing cycle, this
could pose an extra problem in terms of the action of combined
agents to soil populations living in the vicinity of this exposure
sites (Santos et al., 2010a,b). Consequently, it is important to
study the effects of combined PPP to non-target organisms, such
as plants, earthworms and other faunal communities present in
soil ecosystems (Matsumura, 1987).
The Independent Action (IA) model has been established as a
reference model for the assessment of pesticide mixtures of
chemicals with different modes of action (Bliss, 1939; Ko¨neman
and Pieters, 1996; Svendsen et al., 2010). Theoretically this model
assumes that the probability of the effect of one chemical is
independent from the probability of the effect of the other
chemical present in the mixture (Loureiro et al., 2010). However,
in some mixtures, interactions between the components can
occur, resulting in antagonism, when the mixture toxicity is lower
than expected from the toxicities of single components, or syner-
gism whereas the joint effects are stronger than it should be
expected by the individual components toxicity (Jonker et al., 2005).
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Earthworms are responsible for the redistribution of organic
material in soil, increasing soil penetrability and inﬂuence the
supply of nutrients in soil ecosystems, thus contributing to the
augment of soil fertility (Syers and Springett, 1984; Lavelle et al.,
1997). Their importance in maintaining soil structure and function is
well recognized and are considered useful indicators of soil health
and quality (Edwards, 2004). Non-target plants can enter in contact
with pesticide due to spray drift from agricultural ﬁelds (Marrs et al.,
1989), and this exposure may lead to impairment in plant commu-
nities (Snoo and Wit, 1998). Terrestrial isopods are important litter
macrodecomposers on the soil surface that assume a key role in
nutrient recycling of the plant material in edaphic ecosystems, and
the impact of pesticides on biochemical indicators (biomarkers) has
been used to evaluate possible detrimental effects that PPP could
pose to this non-target organisms (Santos et al., 2010b). The
bait-lamina test was developed to assess the feeding activity of soil
organisms in different ecosystems (Kratz, 1998). This method is
used to assess the biological activity of the soil fauna, thus permit-
ting to evaluate the impact of pesticides in the function of soil
edaphic communities (Filzek et al., 2004).
Two PPP with different modes of action were chosen in this
work: the herbicide glyphosate, which acts in plants through the
inhibition of 5-enolpyruvylshikimic acid 3-phosphate (EPSP)
synthase (Huangfu et al., 2007) and the insecticide dimethoate
which inhibits the action of Acetylcholinesterase (AChE) enzyme
activity in several invertebrates (Loureiro et al., 2005a) and in some
weed seeds acts through the inhibition of the synthesis or action of
hydrolytic enzymes during germination (Gange et al., 1992).
The objectives of this work were ﬁrstly to evaluate if a
designed microcosm experiment could function as a potential
predictive tool for assessing the effects of pesticide application in
agricultural ﬁelds and secondly to evaluate the combined effects
of the two pesticides to the earthworm Eisenia andrei, the
terrestrial isopod Porcellionides pruinosus, the turnip species
Brassica rapa and to the bait-lamina strips, using the concept of
Independent Action.
2. Materials and methods
2.1. Test organisms and test soil
Earthworms of the epigeic species E. andrei (Bouche´) were bought from a
commercial supplier and seeds of B. rapa (L.) rapid cycle (Carolina Biological
Supply Company) were used. Adult isopods, from a culture maintained in
laboratory controlled conditions, of the species P. pruinosus (15–25 mg wet
weight) were used with no sex differentiation, although pregnant females and
animals with lack of antennae were not used in the experimental procedure.
Soil was collected from an agricultural ﬁeld in the spring of 2010 (ﬁrst 20 cm
of soil) from the lower Mondego Valley (Portugal). The soil has no history of
pesticide application in the last ﬁve years (Lemos et al., 2010). Soil parameters
include a pH (H2O)¼7.48, organic matter content¼2.4%, clay¼4.2%, silt¼7.0%,
sand¼88.7%, density (g/cm3)¼2.4, and a water holding capacity¼70%. The soil
was brought to lab, sieved (5 mm) and air dried prior to experimental procedures.
2.2. Test chemicals
The effects of glyphosate and dimethoate on test species were studied using
three different concentrations, ranging from the ﬁeld dose (FD), i.e. the recom-
mended application rate, to 10 times the FD of the commercial formulation of
glyphosate (Roundup Ultras with 360 g AI/L) which contains glyphosate-isopro-
pylammonium (45%), surfactant (16%) and water (42.5%), and the organopho-
sphorous insecticide dimethoate (AGRORs, with 400 g AI/L) which contains
dimethoate (40%), ciclohexanone (28.4%), nonylphenol ethoxylate (2.2%), petro-
leum naphta (26.1%), and calcium alkyl benzene sulfonate inpropil 2-ol (0.4%). The
commercial formulations were obtained from a local supplier.
More speciﬁcally, the nominal concentrations for glyphosate ranged from
1.8 kg a.i./ha (predicted environmental concentration (PEC) in ﬁrst 5 cm of soil
according to the FOCUS model (FOCUS, 2007)E1.7 mg a.i./kg soil), which is the
recommended application dose, 9 kg a.i/ha (5 fold the recommended dose) to
18 kg a.i/ha of glyphosate (10 fold the recommended dose); for dimethoate ranged
from 0.4 kg a.i./ha (predicted environmental concentration (PEC) in ﬁrst 5 cm of
soil according to the FOCUS modelE0.3 mg/kg soil), which is the recommended
application dose, 2 kg a.i./ha (5 fold the recommended dose) to 4 kg a.i./ha (10 fold
the recommended dose). The binary mixtures were made using the same
concentrations of the two pesticides at the ﬁeld dose, 5 times the ﬁeld dose and
10 times the ﬁeld dose in an one ﬁxed ratio design. For each treatment and
control, three replicates were made, in a total of 30 microcosms tested. Pesticides
were applied at the surface of the soil layer using a common sprayer.
2.3. Small-scale terrestrial ecosystem (STEM)
The small-scale terrestrial ecosystems (STEM) consisted of a 2 mm-walled
cylindrical PVC pipes (12 cm diameter; 38 cm deep) with a surface area of
0.113 m2, ﬁlled up to 5 cm from the top with the agricultural soil (Fig. 1). Each
STEM was ﬁlled with approximately 4 kg of soil. The bottom of the microcosms
was covered with ﬁne plastic gauze (1.0 mm aperture) to avoid earthworms from
escaping from the microcosms (Fig. 1).
The STEM were placed in an acclimatized moveable cart (83 cm length; 55 cm
width; 55 cm depth) with a hollow lid in order to enclose 5 STEM. Such
acclimatized chambers allowed to control soil temperature (12 1C) and humidity
within the STEM (Santos et al., 2011a). Six acclimatized chambers, each containing
5 STEM, were used in the experiments.
Each small-scale terrestrial ecosystem (STEM) was incubated at 2072 1C, with
a 16/8 h light dark regime and an irradiance level of 7000 lux at soil surface of the
STEM, for a period of 28 d. Soil water content was adjusted to 70% of maximum
water holding capacity, and was subsequently maintained throughout the experi-
ment by adding sterile water (E5 ml every two days) in order to simulate rainfall
in normal spring conditions. Ten adult clitellate earthworms and ten turnip seeds
were introduced on soil surface of each microcosm. Earthworm weight (as a
group) was recorded before their introduction into the microcosms. Five isopods,
and 3 alder leaves (broken in small pieces) as food source, were added to each
STEM at the beginning of the test. Three bait-lamina strips were also enclosed
in the soil of each STEM. After 7 d of exposure the baits were removed from the
soil and the number of empty holes (counted as eaten) was recorded. At the end
of 28 d exposure period the fresh weight and shoot length of B. rapa were
measured as well as the fresh weight and depth distribution of E. andrei along
the microcosms. Since the 28 d of exposure was not sufﬁcient to observe effects
on endpoints such as isopod growth and/or reproduction, the survival rate of
P. pruinosus and four biomarkers of exposure were chosen as endpoints. The
animals were kept at 80 1C until the enzymatic analyses were performed.
Fig. 1. Small-scale terrestrial ecosystem (STEM) used in the experimental
procedure.
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2.4. Isopods—biomarker evaluation
Isopods were divided in two sections: head and body. The head was used for
the AChE assay and the remaining body was used for GST, CAT, and LPO assays.
Homogenization of the animals was made using a sonicator (KIKA Labortechnik
U2005 ControlTM), for approximately 5 s, using 100% amplitude, with one pulse.
One isopod head per each animal sampled was homogenized using a sonicator
in 500 ml of potassium phosphate buffer (0.1 M, pH 7.2), and the supernatants
obtained after centrifugation of the homogenates (4 1C, 3800 g, and 3 min) were
removed and stored at 80 1C until enzymatic analysis. The AChE activity
determination was performed according to the Ellman method (Ellman et al.,
1961) adapted to microplate (Guilhermino et al., 1996) as follows. In a 96 well
microplate 250 ml of the reaction solution was added to 50 ml of the sample and
the absorbance was read at 414 nm, after 10, 15, and 20 min. The reaction solution
had 1 ml of 5.50-dithiobis-2-nitrobenzoic acid (DTNB) 10 mM solution, 1.280 ml
of 0.075 M acetylthiocholine iodide solution and 28.920 ml of 0.1 M phosphate
buffer. The enzymatic activity is expressed as unit (U) per mg of protein. A U
corresponds to one nmol of substrate hydrolyzed per minute, using a molar
extinction coefﬁcient of 1.36103 M1 cm1.
Glutathione S-transferases (GST) activity was determined based on the method
described by Habig et al. (1974). After sonication, 100 ml of the post-mitochondrial
supernatant PMS was mixed to 200 ml of a reaction solution. The reaction solution
was a mixture of 4.95 ml K-phosphate buffer 0.1 M (pH 6.5) with 900 ml L-glutathione
reduced (GSH) 10 mM, and 150 ml 1-chloro-2.4-dinitrobenzene (CDNB) 10 mM and it
was measured at 340 nm. The enzymatic activity is expressed as unit (U) per mg of
protein. A U corresponds to one nmol of substrate hydrolyzed per minute, using a
molar extinction coefﬁcient of 9.6103M1 cm1.
Catalase (CAT) activity was determined based on the method described by
Clairborne (1985). We mixed 15 ml of PMS with 150 ml H2O2 0.030 M, and 135 ml
K-phosphate 0.05 M (pH 7.0) and measured the decomposition of the substrate
(H2O2) at 240 nm. The enzymatic activity is expressed as unit (U) per mg of
protein. A U corresponds to one mmol of substrate hydrolyzed per minute, using a
molar extinction coefﬁcient of 40 M1 cm1. Ten replicates were used for each
processing methodology for this enzymatic biomarker.
The Lipid peroxidation (LPO) assay was based on the methods described by (Bird
and Draper, 1984) and (Ohkawa et al., 1979) by measuring thiobarbituric acid-
reactive substances (TBARS) at 535 nm. The reaction included a mixture of 150 mL
homogenated tissue, 500 mL trichloroacetic acid sodium salt (TCA) 12% (w/v), 500 mL
2-thiobarbituric acid (TBA) 0.73% (w/v), and 400 mL Tris–HCl 60 mM with diethyle-
netriaminepentaacetic acid (DTPA) 0.1 mM. The reaction mixture was then incubated
at 100 1C in a water bath for 1 h. After this, samples were centrifuged for 5 min at
11,500 rpm (25 1C). Samples were kept away from light, at 25 1C and immediately
read at 535 nm. LPO is expressed as nmol TBARS hydrolyzed per minute per mg of
wet weight, using a molar extinction coefﬁcient of 1.5610 M1 cm1.
2.5. Bait-lamina method
Each bait-lamina consisted on a plastic strip with 16 holes ﬁlled with a
mixture of cellulose, oat-bran, and active charcoal (70:27:3) and buried vertically
in the soil of each STEM. After the exposure period of 7 d the baits are removed
from the STEM and washed with tap water, the number of eaten baits (light fall
through the bait) and non-eaten baits (light does not fall through the baits) was
recorded (Kratz, 1998).
2.6. Chemical analysis
Soil chemical analysis was performed after 28 d of exposure. Soil samples from
the upper soil layer (0–10 cm) and the lower soil layer (10–20 cm) were taken and
sent for chemical analysis at Marchwood Scientiﬁc Services, Southampton, UK. The
following method was used for the analysis of soil samples containing glyphosate
and dimethoate: samples were ﬁrst air dried and ground, after which a 1–2 g was
used for pesticide extraction with acidiﬁed acetonitrile. This subsample was then
ﬁltered and the ﬁltrate subjected to further analysis by Liquid Chromatography-
tandem Mass Spectrometry following a pre-treatment buffering stage. The
instrument used for the analysis was an Agilent 6410 Triple quad LCMS-MS.
Standards were prepared in solvents at 7 levels with recoveries between 80% and
120% (Santos et al., 2011a).
2.7. Statistical analysis
Differences in plants’ fresh weight and length, earthworm’s fresh weight and
number of holes eaten in the bait-lamina strips in the microcosms where pesticide
was applied were compared with control microcosms using an one-way ANOVA,
followed by a post-hoc Dunnett’s test. Since the enzymatic data provided by the
biomarkers evaluation were not normally distributed and data transformation did
not correct for normality, a Kruskal–Wallis ANOVA on Ranks was performed,
followed by the Dunnett’s method when signiﬁcant differences were found. The
concentration after which 50% of the animals were found dead (LC50) was
calculated using the logistic equation
Survival¼ c  eððlogððcc0:5b0:5Þ=cÞðdimethoate=aÞÞþb
where c is the control response, b is a scale parameter (estimated between 1 and
4), a is estimated LC50 value and dimethoate is dimethoate exposure
concentration.
The DT50 after 28 d of exposure of each pesticide in soil was calculated using
the following equation:
PECt¼ initial PEC eðktÞ
where PEC at time t was the pesticide concentration after 28 d of exposure
(mg/kg), the initial PEC was the pesticide concentration at day 0 of exposure, kwas
the dissipation rate constant, which is equal to 0.693/DT50, and t was the time of
exposure (FOCUS, 2007).
The Independent Action (IA) model can be used for the comparison of the
observed data and the predicted toxicity (probabilities of effect), taking into
account the single exposure results of each pesticide (Jonker et al., 2005).
According to this reference model the probability of effect of a given organism
to one compound is independent from the probability of the effect of the same
organism being exposed to a second compound, meaning that the resultant
mixture toxicity can be predicted based on probability statistics (Ko¨neman and
Pieters, 1996). For quantal responses, which can have only two possible outcomes
0 or 1 (i.e. escape response of the earthworms), the unaffected proportion can be
expressed by the probabilities of nonresponse to the toxicants, according to the
following equation:
Mixture toxicity ðq1 ,. . .,qnÞ ¼
Yn
i1
qiðciÞ
where qi(ci) is the probability of nonresponse at concentration c of toxicant i
(Martin et al., 2009). This equation can be converted to represent continuous data
(i.e. shoot length and fresh weight of B. rapa), by multiplying it by the maximum
value (represented by max), which is the control, according to the following
equation:
Mixture toxicity ðq1 ,. . .,qnÞ ¼max
Qn
i1
qiðciÞ
3. Results and discussion
3.1. Chemical analysis
The results showed that pesticide concentration in the
0–10 cm layer was always higher than the layer of 10–20 cm
(Table 1). This was expected, since the application of the pesticide
was made at the soil surface, and during the experiment the
addition of water could have contributed to a further dissipation
of the pesticide along the test period.
Glyphosate is considered moderately persistent in soil, with a
half-life of between 1.1 and 13 d (EFSA, 2006), and dimethoate is
also moderately persistent in the soil, with a half-life of 4–16 d
(Wauchope et al., 1992). According to the analysis, after the 28 d
of exposure, in both soil layers, only small amount of pesticide
Table 1
Chemical analysis of pesticide residues in soil from the upper layer (0–10 cm) and
lower layer (10–20 cm) of the STEM after 28 d of exposure. G is for glyphosate, D is
for dimethoate. FD is for ﬁeld dose. ND is for not detected. All units are in mg a.i./kg
soil.
Nominal
concentration
(mg a.i./kg)
Glyphosate
(0–10 cm)
Glyphosate
(10–20 cm)
Dimethoate
(0–10 cm)
Dimethoate
(10–20 cm)
1.7 (ﬁeld dose) 0.12 o0.005 – –
8.5 (5 FD) 2.13 o0.005 – –
17 (10 FD) 0.91 0.25 – –
0.3 (ﬁeld dose) – – o0.01 o0.01
1.5 (5 FD) – – 0.02 o0.01
3 (10 FD) – – 0.04 o0.01
Mix 1 FD (1.7
Gþ0.3 D)
ND o0.005 0.02
o0.01
Mix 5 FD (8.5
Gþ1.5 D)
0.36 o0.005 0.04
o0.01
Mix 10 FD (17
Gþ1.5 D) 2.41 o0.005 0.07
o0.01
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residues was retrieved (Table 1). The DT50 for glyphosate was
7.7 d and for dimethoate was 5.8 d. Thus there was a rapid
dissipation observed for both pesticides which was in accordance
with the data concerning the half-life of these pesticides in soil.
3.2. B. rapa
Regarding the exposure to glyphosate, statistical differences
on the fresh weight, shoot length, and the number of plants that
germinated after the 28 d of exposure (germination success) of
B. rapa were observed only at concentrations higher than the
recommended ﬁeld dose (Table 2). The number of plants that
germinated after the 28 d of exposure (germination success) was
signiﬁcantly lower in the concentration made with 5 and 10 times
the ﬁeld dose. After exposure to the insecticide dimethoate, no
differences on the endpoints were observed (Table 2). The effects
of the binary mixtures on the shoot length and fresh weight of the
plants were observed at concentrations 5 and 10 times higher
than the ﬁeld dose of both pesticides but no effects in the
germination success were observed (Table 2).
The recommended application rate of both pesticides did not
affect B. rapa. This result was in accordance with a previous study
from the same authors where the herbicide glyphosate did not affect
B. rapa grown for 21 d on soil LUFA 2.2 (Santos et al., 2011b). A
previous study where the recommended dose of dimethoate was
applied using the same STEM did not cause impairment in growth of
this plant species (Santos et al., 2011a).
The observed and predicted values were compared using a
Student t-test, and no signiﬁcant differences were observed,
although the regression equations derived from the data were
different from the additivity line (Y¼1), thus both pesticides did
not act additively in the tested system. The predicted values for
fresh weight and shoot length at the ﬁeld dose were similar to the
observed values, which could be an indication that these pesti-
cides, at the recommended application rate, behave according to
the reference model of IA (Figs. 2 and 3). There was a discrepancy
between the observed values for the germination success and the
predicted values indicating that the number of plants that
germinated was lower than expected (Fig. 4). However, the
observed germination success of the mixture made with the ﬁeld
dose (6 plants per STEM) was similar to the values observed on
the control (7.3 plants per STEM). Thus the synergistic prediction
was due to the fact that the germination success at the ﬁeld dose
of glyphosate (8.7 plants per STEM) and dimethoate (9.0 plants
per STEM) was higher than the control. The predicted result for
the mixture was a full germination (10. 4 plants per STEM), hence
this synergistic deviation should be discussed taking in
consideration the difference between observed and predicted
values (with a difference of 4 plants per STEM) or taking in
consideration the difference between the observed values of the
mixture and the control (difference of 1 plant per STEM). In a
previous experiment using the same STEM to evaluate the effects
of dimethoate on spirodiclofen, the average number of plants in
the control was also 7.3 (Santos et al., 2011a), thus the synergism
observed could be considered of low concern in what relates to
the germination success of this species.
Table 2
Observed values (mean net response and 95% conﬁdence limits). The endpoint measured for the earthworm Eisenia andrei was the proportion of worms in the soil lower
layer (10–20 cm); for Brassica rapa were the shoot length (in cm/plant), fresh weight (in mg/plant), and the germination success (number of plants per STEM); for bait-
lamina was the consumption of baits (number of baits). G: glyphosate, D: dimethoate. All units of the treatments (nominal concentrations) are in mg a.i./kg soil.
Treatment (nominal
concentration)
Eisenia andrei
(proportion in
10–20 cm)
Eisenia andrei
(weight variation)
Brassica rapa
(fresh weight)
Brassica rapa
(shoot length)
Brassica rapa
(germination success)
Bait-lamina (number
of baits eaten)
Control 20 (4–36) 34 (8–60) 191 (156–225) 11.1 (10.3–12) 7.3 (6.5–8.2) 32 (27–37)
1.7 G 21 (14–26) 22 (16–27) 84 (73–95) 7.4 (6.4–8.4) 8.6 (6.6–10.7) 40 (35–45)
8.5 G 10 (0.1–30) 11 (8–14) 53 (23–82)* 6.9 (4.5–9.4) 1.7 (1.5–1.8)* 37 (24–50)
17 G 23 (17–30) 25 (20–30) 57 (56–58) 2.4 (1.4–3.5) 1 (0.7–1.3)* 35 (22–49)
0.3 D 20 (3–43) 27 (10–43) 216 (122–310) 12.7 (11.7–13.7) 8.9 (6.6–11.4) 22 (16–29)
1.5 D 30 (0.1–60) 25 (2–49) 205 (42–294) 11.1 (10.3–12) 8.3 (4.6–12) 17 (13–21)
3 D 37 (11–62) 0.4 (0.2–0.6) 143 (101–184) 12.5 (11.4–13.5) 8.9 (7.6–10.3) 3 (2–3)*
Mix 1 (1.7 Gþ0.3 D) 30 (19–41) 26 (4–47) 136 (107–164) 8.5 (7.4–9.5) 5.9 (4.4–7.7) 11 (10–12)*
Mix 5 (8.5 Gþ1.5 D) 10 (1–30) 7 (1–14) 45 (37–52)* 4.4 (3.4–4.4)* 5.6 (4.6–6.6) 9 (5–12)*
Mix 10 (17 Gþ3 D) 33 (27–40) 3 23 (23–24)* 4 (3.5–4.5)* 5.3 (3.6–7.0) 5 (4–7)*
n Indicates statistical differences (Dunnett’s test, po0.05).
Fig. 2. Predicted and observed values (as percentage of control) of fresh weight of
Brassica rapa after exposure to the binary mixtures of glyphosate and dimethoate
in the STEM for 28 d. The dashed line (Y¼1) represents additivity according to the
reference model of Independent Action.
Fig. 3. Predicted and observed values (as percentage of control) of shoot length of
Brassica rapa after exposure to the binary mixtures of glyphosate and dimethoate
in the STEM for 28 d. The dashed line (Y¼1) represents additivity according to the
reference model of Independent Action.
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The effect of the mixture made with 5 and 10 times the ﬁeld
dose was synergistic for fresh weight (with differences in
observed and predicted values higher than 2.5) and slightly
synergistic for the shoot length, but the mixture effect was
antagonistic on the germination success, since more plants
germinated than it was expected (Figs. 2–4). The synergism
observed should be analyzed taking into account the biological
meaning of a higher decrease in the shoot length and fresh weight
of the plants than it was expected. This decrease was not very
steep, and the predicted values were close to the conﬁdence
interval of the observed values, thus it this departure from
additivity should be interpreted carefully in terms of stating an
impact of the combined pesticides on these two endpoints. The
germination success was less affected than the length and fresh
weight, but this could be due to the fact that no plants germinated
in 2 out of the 3 STEM with 10 times the ﬁeld dose of glyphosate.
The impact on the germination success seems to be driven by the
amount of glyphosate on the mixture, thus a possible explanation
for a smaller effect than predicted could be the interaction
between the two pesticides in the STEM, leading to a smaller
toxicity than the individual exposure to the herbicide.
The choice of endpoint (shoot length or fresh weight and
germination success) led to different deviations from the reference
model. This could be due to the fact that the shoot length and fresh
weight are endpoints closely correlated, if the shoot length is affected
the weight of the plant should also be affected, thus smaller plants
have less weight and vice-versa. The germination success cannot be
compared directly with the other two endpoints, since the number of
seeds that germinated into full grown plants is independent of the
length and weight that these plants could have. For instance just
3 plants germinated in the exposure to 10 times the ﬁeld dose of
glyphosate, but their weight and length did not differ statistically
from the control (Table 2). The opposite occurred in the binary
mixtures made with 5 and 10 times the ﬁeld dose, where differences
on length and weight were observed although no differences on
germination success were observed (Figs. 2–4). Same conclusions
have been derived from other toxicity studies (Cedergreen and
Streibig, 2005), where the choice of endpoint (fresh weight or number
of leaves per plant) led to different and contradictory results in term
of deviations from the mixture toxicity model according to the
endpoint chosen.
3.3. E. andrei
There was a decrease in the earthworm’s weight in all
concentrations tested, although no statistical differences were
observed in any of the treatments made (Table 2). The absence of
effects in earthworm’s weight after a single application of the
recommended doses of glyphosate (Dalby et al., 1995) and
dimethoate using the same STEM (Santos et al., 2011a) (Fig. 5).
The observed and predicted values were compared using a
Student t-test, and no signiﬁcant differences were observed,
although the regression equation derived from the data was
different from the additivity line (Y¼1), thus both pesticides did
not act additively in the tested system. The predicted values were
similar to the observed values, and in the majority of the mixtures
the effects were smaller than the prediction based on the individual
responses (Fig. 6). There was not a consistent pattern in terms of
weight loss, maybe because the variation within the replicates was
high and the time of exposure and concentrations tested were not
enough to derive a dose–response effect.
No differences were observed regarding the depth distribution,
in any of the treatments (Table 2), although there seems to be an
increase in weight loss with increasing concentrations of the
insecticide dimethoate in both single and binary exposure.
Regarding the distribution of earthworms (depth distribution)
in the control, 80% of the worms were found in the upper layer
(0–10 cm) of the soil column (Table 2) as expected by this species
ecology (Langdon et al., 2005). The same occurred following the
application of the two pesticides in single and binary exposures
(Table 2). The absence effects on the depth distribution of the
earthworms following the application of the recommended doses
of glyphosate-based herbicide to the earthworm Eisenia fetidawas
observed in a previous study (Verrel and Van Buskir, 2004). In a
Fig. 4. Predicted and observed values (as percentage of control) of germination
success of Brassica rapa after exposure to the binary mixtures of glyphosate and
dimethoate in the STEM for 28 d. The dashed line (Y¼1) represents additivity
according to the reference model of Independent Action.
Fig. 5. Predicted and observed values (as percentage of control) of weight
variation of Eisenia andrei after exposure to the binary mixtures of glyphosate
and dimethoate in the STEM for 28 d. The dashed line (Y¼1) represents additivity
according to the reference model of Independent Action.
Fig. 6. Predicted and observed values (as percentage of control) of depth
distribution of Eisenia andrei after exposure to the binary mixtures of glyphosate
and dimethoate in the STEM for 28 d. The dashed line (Y¼1) represents additivity
according to the reference model of Independent Action.
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previous study the depth distribution of the earthworms after
application of dimethoate using the same STEM, led to an increase
of the earthworms on the upper layer of the soil column to the
exerted toxic effect of this insecticide (Santos et al., 2011a). The
earthworms retrieved in the cited study presented several con-
strictions on the body and did not react when poked, but in the
present study those conditions were not observed in any of the
earthworms recovered from the STEM. One possible explanation
for this difference could be the fact that the worms buried deeper
in the soil column immediately after pesticide application or in
the subsequent days, and did not suffer the toxic effects observed
in the cited study.
The observed and predicted values were compared using a
Student t-test, and no signiﬁcant differences were observed,
although the regression equation derived from the data was
different from the additivity line (Y¼1), thus both pesticides did
not act additively in the tested system. Again, the predicted values
were similar to the observed values, and in most mixtures the
effects were smaller than the prediction based on the individual
responses (Fig. 7).
3.4. Bait-lamina strips
After exposure to the herbicide glyphosate the number of empty
holes (counted as eaten) was higher than the control (Table 2). Thus,
glyphosate seemed to have triggered the feeding activity of the soil
organisms in the microcosm. The same response was observed in an
agricultural ﬁeld treated with glyphosate where feeding activity
(bait-lamina test) increased after exposure to this herbicide
(Reinecke et al., 2002). The feeding activity decreased at the ﬁeld
dose of dimethoate and after exposure to 5 and 10 times the ﬁeld
dose, with statistical difference in the highest concentration of
dimethoate (Table 2); the application of recommended doses of
the organophosphorous pesticide chlorpyrifos in a ﬁeld experiment
also conveyed a signiﬁcant lower consumption of the baits buried in
the treated plots after a period of 50 d of exposure (Casable´ et al.,
2007). In the joint toxicity evaluation, a statistically signiﬁcant
decrease in bait-lamina consumption was observed in all the three
binary mixtures performed in comparison with the control (Table 2).
The observed and predicted values were compared using a
Student t-test, and no signiﬁcant differences were observed,
although the regression equation derived from the data was
different from the additivity line (Y¼1), thus both pesticides did
not act additively in the tested system. The difference between
the predicted and observed values in the mixtures with the ﬁeld
and 5 times the ﬁeld dose indicated that the mixture was
synergistic, with observed effects, respectively, 2.6 and 12.9 times
smaller than the predicted effects (Fig. 7). In this case, apparently,
the synergism in the toxic effect of the mixture was driven by the
insecticide dimethoate, since this pesticide was also the respon-
sible for a great reduction on single exposure treatments. In the
mixture made with 10 times the ﬁeld dose, the effects were
smaller than the individual exposure to dimethoate, thus the
synergistic effects did not follow an increase in concentration of
the mixture. As it was stated previously, this could be due to the
fact that the single exposure to the insecticide dimethoate at 10
times the ﬁeld dose had such a great impact on the number of
baits eaten that on the binary mixture the effects could not be
enhanced, and thus the synergism ceased to be consistent with
increasing concentrations of dimethoate.
Bait-lamina consumption has been linked to the amount of soil
organisms biomass, and a strong correlation between lower bait
consumption and contaminated sites and has been established
(Kools et al., 2009). Furthermore, a link between the number of
bait-lamina eaten and the presence of earthworms in soil has
been demonstrated in previous studies, thus bait-lamina con-
sumption is in general correlated with the activity of earthworms
(Van Gestel et al., 2003). The decrease on E. andrei weight in the
STEM with dimethoate applied at 5 and 10 times the ﬁeld dose
could explain the decrease on the number of baits eaten. The bait-
lamina proven to be a good indicator of the biological activity of
the soil fauna in this designed microcosm experiment. Given that
this method is used to assess a functional endpoint (feeding
activity), the decreased feeding activity with the increase of
dimethoate concentration could be regarded as impairment in
soil function (Kula and Ro¨mbke, 1998; Filzek et al., 2004).
3.5. P. pruinosus
The application of glyphosate did not affect the number of
isopods found after the 28 d of exposure; the survival rate was
very similar to the one observed in control STEM (Table 3).
However, exposure to dimethoate affected the number of isopods
that survived the exposure period, even at the ﬁeld dose, less than
half of the isopods added in the beginning of the tests were
retrieved. Exposure to 5 and 10 times the ﬁeld dose of dimethoate
and the binary mixtures made with the same two concentrations
led to a signiﬁcant decrease in the number of animals that
survived the exposure (Table 3).
The effects of the insecticide dimethoate on the retrieval rate of
the isopod P. pruinosus (EC50¼0.46(0.160.80) mg/kg) was much
lower than the concentration responsible for reducing 50% the
survival rate (LC50 higher than 75mg/kg) of the isopod species
Porcellio scaber (Fischer et al., 1997), and the species Porcellio
dilatatus (LC50 higher than 20 mg/kg) exposed for 10 d on a silt-
loam soil on a microcosm experiment (Engenheiro et al., 2005). The
reason for the discrepancy between the values found in the present
study and the works cited above could be the method of pesticide
application in the STEM. Since the pesticides were applied using a
sprayer after the isopods were in the microcosm, the animals were
immediately exposed to the pesticide, which can be considered a
more direct and extra route of exposure of dimethoate to the
isopods (Sousa et al., 2000; Loureiro et al., 2002).
The assessment of the four biomarkers led to statistically
signiﬁcant differences only on the AChE activity after exposure
to dimethoate at ﬁeld dose and binary mixture and on LPO
activity at the ﬁeld dose of both pesticides and binary mixture
(Table 3). GST activity in the treatments was close to the basal
levels observed in control animal, and this detoxifying enzyme
does not seem to be triggered by the two pesticides, which has
been recorded in previous studies (Jemec et al., 2010). CAT is
involved in the reduction of reactive oxygen species (ROS), and
its levels decreased around 66% and 45% in glyphosate and
Fig. 7. Predicted and observed values (as percentage of control) of number of bait-
lamina eaten after exposure to the binary mixtures of glyphosate and dimethoate
in the STEM for 28 d. The dashed line (Y¼1) represents additivity according to the
reference model of Independent Action.
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dimethoate ﬁeld dose, respectively, although no statistical differ-
ences were observed. LPO was induced, with statistical differ-
ences, at glyphosate and dimethoate ﬁeld dose concentrations
and in the binary mixture. It is known that ROS induces oxidative
stress, which could lead to Lipid peroxidation (Valant et al., 2009),
thus the inhibition in CAT enzymatic levels can be linked with the
increase in LPO levels.
Acetylcholinesterase is responsible for breaking down acetyl-
choline, and is inhibited by organophosphorous pesticides, since
these pesticides bind to the hydroxyl group of the functional part
of this enzyme, resulting in an enzyme that has no activity, and
ceases to be able to hydrolyze the substrate acetylcholine
(Ferreira et al., 2010). AChE inhibition due to exposure to the
insecticide dimethoate has been observed in previous studies
using terrestrial isopods at sub-lethal concentrations (Engenheiro
et al., 2005). This enzyme sensitivity to sub-lethal concentrations
of organophosphorous pesticides could indicate impairment of
the activity of these soil organisms in soil processes (Loureiro
et al., 2005b). The inhibition observed in the AChE activity when
dimethoate was present in the soil could be associated with the
subsequent mortality rate observed in the isopods; since it has
been appointed that a reduction in cholinesterase activity up to
50% indicated impairment in the survival capacity of the organ-
isms (Ludke et al., 1974).
3.6. Integration of effects upon exposures in STEM
Several species were enclosed in the STEM, so an integrative
explanation of the effects observed might be useful to fulﬁll the
goals of the present work. As expected, due to the a priori
knowledge of pesticides mode of action, effects on plants were
mainly driven by the herbicide glyphosate and effects on inverte-
brates and bait-lamina were mainly driven by the insecticide
dimethoate. Some endpoints were clearly more sensitive than
others, for instance isopods’ survival rate was very affected at
concentrations of dimethoate that did not affect weight variation
or depth distribution of earthworms. This could be related with
the mode of application of the pesticides in the STEM (sprayed on
bare soil), thus isopods were immediately exposed to the pesti-
cide whereas earthworms had the opportunity to distribute
themselves along the soil column, avoiding pesticide exposure.
Earthworms were distributed mainly on the upper layer, and no
visual detrimental effects were observed, but their weight was
reduced when exposed to high concentrations of dimethoate in
both single and binary exposures. Weight loss could be a plausible
explanation for the decrease on the number of baits eaten in the
referred exposures. Although in some endpoints no statistical
differences were observed with increasing concentrations of the
pesticides there was a general decrease on the endpoints eval-
uated among the several species and bait-lamina, mainly at
concentrations above the recommended dose.
The interpretation of the results of microcosm’s experiments
should be made taking in consideration previous experiments,
using the same test conditions, so that a comparison between
responses can be made (Lukkari et al., 2006). Results from a
previous experiment using the same STEM and binary mixtures of
dimethoate and spirodiclofen (Santos et al., 2011a), allowed
comparing the effects on plants and earthworms. Results
obtained with plants were very similar; hence the application of
dimethoate did not affect this plant species. The main difference
between the two STEM experiments was on the depth distribu-
tion of earthworms, thus in the cited study the application of the
acaricide spirodiclofen was responsible for the distribution of the
earthworms on the lower layer of the soil column. The use of this
artiﬁcial microcosm (STEM) allowed observing effects on different
endpoints (both structural and functional) and several trophic
levels, thus increasing the reliability of the results, considering
what happens in agricultural ﬁelds to non-target organisms after
pesticide application.
4. Conclusions
At the ﬁeld dose, no effects were observed in all the endpoints
measures in both B. rapa (shoot length, fresh weight and germina-
tion success) E. andrei (depth distribution and weight variation) and
P. pruinosus (survival rate), but signiﬁcant difference on the number
of bait-lamina eaten were observed. The binary mixture was
synergistic on shoot length and fresh weight of B. rapa at 5 times
the ﬁeld dose and antagonistic at 10 times the ﬁeld dose. The effect
of the mixtures on the germination success was synergistic at the
ﬁeld dose (fewer plants germinated than expected), but antagonistic
at 5 and 10 times the ﬁeld dose. The decrease in earthworms weight
as well as depth distribution was not statistical different in any
treatment. Nevertheless, the decrease in earthworm’s weight
seemed to be related with the decrease in bait consumption, which
was synergistic at the ﬁeld and 5 times the ﬁeld dose. There was a
high mortality rate observed in the isopods after exposure to
dimethoate in the STEM conditions whether in single and binary
exposures, clearly demonstrating that an increase in dimethoate
concentration led to a decrease on the survival rate of this species.
Biomarker changes were observed in AChE when isopods were
exposed to dimethoate at ﬁeld dose and binary mixtures and in LPO
when exposed to ﬁeld doses of the pesticides in single and binary
exposure.
Table 3
Observed values (mean net response and standard error). The endpoints measured for the isopod Porcellionides pruinosus were the survival rate (% of animals alive per
STEM) and the Acetylcholinesterase (AChE), Glutathione-S-transferase (GST), Catalase (CAT), and Lipid peroxidation (LPO) activity levels. G: glyphosate, D: dimethoate, and
ND: not determined. All units of the treatments (nominal concentrations) are in mg a.i./kg soil.
Treatment
(nominal concentration)
Porcellionides
pruinosus (% survival)
Porcellionides
pruinosus (AChE)
Porcellionides
pruinosus (GST)
Porcellionides
pruinosus (CAT)
Porcellionides
pruinosus (LPO)
Control 87 73 (66–70) 4.2 (2–6) 130 (119–141) 75 (64–86)
1.7 G 60 64 (61–67) 1.4 (1–2) 126 (124–128) 101 (98–104)*
8.5 G 87 58 (56–60) 1.5 (1–2) 121 (116–125) 97 (95–99)
17 G 87 112 (99–124) 2.5 (2–3) 121 (115–127) 80 (77–82)
0.3 D 47 42 (27–50)* 2.5 (2–3) 134 (128–140) 105 (95–115)*
1.5 D 7* ND ND ND ND
3 D 0* ND ND ND ND
Mix 1 (1.7 Gþ0.3 D) 27* 24 (15–34)* 3.7 (3–4) 143 (134–151) 126 (106–146)*
Mix 5 (8.5 Gþ1.5 D) 13* ND ND ND ND
Mix 10 (17 Gþ3 D) 0* ND ND ND ND
n Indicates statistical differences (Dunnett’s test, po0.05).
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